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FOREWORD

This final report presents the results of work performed by the Computational

Mechanics Section of the Lockheed-Huntsville Engineering Center in fulfillment of the

requirements of Contract NAS8-37361 for the National Aeronautics and Space

Administration, George C. Marshall Space Flight Center. This document is submitted in

two volumes:

I Flow Analysis

II Fluid Structure Interaction.

m

u

The work described in Volume 11 was performed by The Computational Mechanics

Company, Inc., under subcontract to Lockheed.

The Contracting Officer's Technical Representative for this contract is G.A.

Wilhoid.
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i. INTRODUCTION

The realization of measures to improve the performance of the Space Shuttle is, to

a large extent, dependent on an improved understanding of the fluid flow phenomena

occurring in the main engine. Figure 1 presents the overall arrangement of the primary

components of the Space Shuttle Main Engine (SSME). :Hot gases flow from the high

pressure hydrogen and oxygen turbopumps through the hot gas manifold transfer ducts

-and into the main injector. The flow then passes through a region of 600 circular

cylinder shaped liquid oxygen (LOX) posts before exiting into the main combustion

-chamber. The flow in the LOX post core reaches a maximum Mach number of

approximately 0.3, and can thus be considered as essentially incompressible.

The impingement of the hot gases from the transfer ducts onto the LOX posts (see

Fig. 2) causes them to be subjected to severe thermal and gas dynamic loads, which in

the past have resulted in the occasional breakage of some elements of the outer row of

posts during test firings of the engine, particularly at higher power levels. Large

velocities in the gap between the LOX posts may also be a contributing factor in causing

dynamic stability problems. The deforming structural response of the posts to the

pressure loading may likely affect the gas flowfield by producing a moving flowfield

boundary, thereby creating a dynamically coupled unsteady fluid-structure system.

The objective of this study was to investigate the three-dimensional, turbulent flow

around a simplified SSME LOX post array using an existing Reynolds averaged

Navier-Stokes flow solver and a suitable turbulence model to parameterize the turbulent

shear stresses. Numerical computations were performed to analyze the effect on the

flowfield of varying the spacing between the LOX posts, which were modeled as rigid,

three-dimensional circular cylinders._ln addition, a finite element theory for treating the

fluid/structure interaction between the posts and the hot gas environment was developed

by Dr. Oden and is submitted as Volume H.

The methodology used in the computations is described in Section 2. Results are

presented in Section 3 and concluding remarks in Section 4.

1row
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2. APPROACH
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2.1 BACKGROUND AND SCOPE OF WORK

Two-dimensional flow around single cylinders has been the subject of extensive

investigation, both experimental and computational. In contrast, the flow around

multiple cylinders has received somewhat less attention. Numerical predictions of

two-dimensional laminar flow past an array of cylinders have been made by Cerutti et

al. (Ref. 1) and Antonopoulos and Gosman (Ref. 2), among others. Typically, these

studies focus on analyzing the flow in tube banks, such as occur in heat exchangers. In

this context,,Antonopoulos (Ref. 3) has applied a two equation "k-_" turbulence model

to the problem of turbulent inclined flow in rod bundles.

Numerical studies aimed at analyzing the flow around LOX post arrays have been

conducted by Rogers et al. (Ref. 4) and Williams (Ref. 5). Rogers calculated the

laminar flow past multiple posts mounted perpendicularly between channel end walls.

Only one-half of the channel was included in the computations, with symmetry

boundary conditions being applied at the mid-height of th_ channel. Periodic boundary

conditions were applied at the side boundaries, thus representing an infinite array of

posts. Calculations were also performed for flow around two staggered arrays of posts,

with one row behind the other. Williams (Ref. 5) used a multiblock Procedure to

analyze the three-dimensional laminar flow around multiple posts. The effect of

protective shields placed on the posts to protect them from loose debris was investigated

by modeling the posts as closely spaced elliptical cylinders. The effect of a secondary

row of posts was also considered.

Extending the earlier work on flow around LOX post arrays, this study considers

the turbulent flow around multiple posts aligned with their axes normal to the direction

of oncoming flow. Following the approach of Rogers (Ref. 4), the posts are taken as

being attached at both ends to flat plates a distance (h) apart. The coordinate system

(see Fig. 3) is oriented so that x is in the streamwise direction, y in the cross-stream

direction, and z normal to the flat plate. The origin of the coordinate system is on the

flat plate at the leading edge of the post. The nondimensional diameter (d) of the posts

is equal to one, with the distance between the flat plates equal to 8d. The Reynolds

number, based on cylinder diameter, is 1.0" 106.

The computational domain extends from one flat plate to a vertical height (in the z

direction) of h/2, at which symmetry boundary conditions are imposed. Only one post is

considered, with periodic boundary conditions applied at Y=:I: s/2 (see Fig. 3), thereby

representing an infinite array of posts in the cross-stream direction having a

v LOCKHEED-HUNTSVILLE ENGINEERING CENTER
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w Figure 3 Post on Flat Plate

center-to-center spacing of "s." The variation of the flowfield parameters as a function

of post spacing is investigated by varying the width of the side boundaries.

Computations were also performed for a single post mounted on a flat plate and

the results compared to wind tunnel experiments of Baker (Ref. 6) for the size of the

horseshoe vortex system and pressure distribution on the flat plate ahead of the cylinder.

2.2 FLOW SOLVER

w

mr

Computations for incompressible flow were performed using the INS3D code,

which was developed by Kwak et al. (Ref. 7). This is an implicit, finite difference code

cast in general curvilinear coordinates for solving the three-dimensional steady state

Reynolds averaged Navier-Stokes equations using a Briley-McDonald (Ref. 8)/

Warming-Beam (Ref. 9) approximate factorization method. The pressure is handled

using a pseudocompressibility approach, first proposed by Chorin (Ref.10). Reference

7 provides a detailed description of the INS3D methodology.
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2.3 TURBULENCE MODEL

The turbulent transport phenomena occurring in complex flows such as those

around a cylinder mounted on a flat plate are complex and not well understood. One of

the major difficulties with this type of configuration is accounting for the influence of

more than one surface on the turbulent length and velocity scales. A common

turbulence modeling approach for geometries having more than one surface is to use a

two equation technique, such as the "k-C approach, which does not require any a priori

specification of the turbulent scales. Before pursuing this relatively more complex, and

computationally expensive, approach it was decided to investigate the use of a relatively

simpler, zero-equation model.

In this study the turbulent shear stresses are parameterized using a Prandtl

mixing-length model in which the turbulent eddy viscosity (#t) is taken as

/zt = 012[w] (1)

where 0 is the density, [w[ is the absolute vorticity, and (I) is the mixing length.

The mixing-length (1) is taken after a study by Patankar (Ref. 11) for flow in

internally finned tubes. In this approach, 1 is given by

$

1/l= Z 1/(kniDi) (2)
i=1

where s is the number of surfaces in the problem, k is Von Karman's constant, n, is the

distance from the ith surface, and Di is the Van Driest damping factor associated with

the ith surface. Thus, for instance, for the flow around a post mounted on a flat plate,

s=2 and the mixing length at any point in the fluid medium is given by

1/I = 1/knlD1 + 1/knzD2 (3)

where n_ is the distance from the flat plate. Upstream of the post trailing edge (x/d<

1.0), n2 is the distance from the cylinder surface; downstream of the post trailing edge

(x/d > 1.0), n2 is the distance from the wake centerline.

This approach for computing the mixing length has the advantage of easily

accounting for the influence of more than one surface on the turbulent length scale. The

nearer a point is to the ith surface, the greater the influence of that point on the mixing

length. In the limit as ni goes to zero near the ith surface, the mixing length approaches

kniDi, which is the standard mixing length expression for a single surface.

"" LOCKHEED-HUNTSVILLE ENGINEERING CENTER
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This formulation for the turbulent eddy viscosity outlined here has been used in

earlier work (Ref.12) for flow around a wing mounted on a flat plate, and was found to

give generally good agreement with experimental wind tunnel data (Ref. 13) for the

size of the horseshoe vortex formed at the wing/flat plate junction as well as for the

pressure distribution on the flat plate and for mean velocities.

2.4 BOUNDARY CONDITIONS

Explicit boundary conditions are used in the calculations. No slip conditions are

applied on the solid surfaces. The pressure on these surfaces is determined by

specifying a normal zero pressure gradient, i.e.,

_ __6P=0.0 (4)
" On

W

z
w

=

k..

=

r

where n represents the direction normal to the surface.

Conditions for the downstream boundary are the most difficult to provide and

require careful specification to avoid numerical instabilities and non-convergence. The

downstream values of pressure and velocity are updated in the manner prescribed by

Chang et al. (Ref. 14). In this approach, a second-order upwind extrapolation is first

used to update the velocities normal to the exit plane. Next, these updated velocities are

mass-weighted to conserve the inlet mass flux. A new pressure corresponding to these

mass-weighted velocities is then determined to ensure conservation of momentum flux

at the outflow.

Periodic boundary conditions are applied at the side boundaries of the

computational domain to simulate an infinite row of posts in the cross-stream direction.

At the inlet the static pressure and velocity profile are specified and held fixed. The

velocity profile is derived from a one-seventh power law formulation given by

U/Uo = (z/bl) 1/7 (5)

where bl is the height of the boundary layer and Uo is the free stream reference velocity.

2.5 GRID

The grids used in the computations were generated using the Lockheed-Huntsville

algebraic grid generator. The three-dimensional grid around a post was created by first

generating a two-dimensional C-grid and then stacking the grid in the vertical direction

7
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normal to the flat plate, using a suitable stretching routine. The grid for the single post

consisted of 95 points along the body, 41 away from the body, and 41 away from the flat

plate (see Figs. 4 and 5). The multiple post grid (Figs. 6 and 7) also had 95 points along

the body, with 31 points away from the post, and 54 points away from the flat plate. In

order to resolve the near wall gradients, the grids were stretched away from both the

post and the flat plate.
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Figure 4 Side View of Mesh System for Single Post on Flat Plate
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Figure 5 Top View of Mesh System for Single Post on Flat Plate
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Figure 6 Side View of Mesh System for Multiple Posts
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3. RESULTS

This section presents numerical calculations for turbulent flow around a single

post mounted between two channel end walls, with the computed results being compared

against the experimental wind tunnel data of Baker (Ref. 6). Results are also presented

for multiple posts between two channel end walls. The height of the channel for both the

single and multiple post cases is eight post diameters. The computations extend from

the flat plate to mid-channel height, where symmetry boundary conditions are applied.

Periodic boundary conditions are applied at the side boundaries (see Fig. 3) to represent

an infinite array of posts. The distance between the side boundaries was varied to

simulate different post spacings. Five cases were considered, with center to center

distance between posts (s) of 1.5, 2.0, 2.5, 3.0, and 4.0 diameters.

3.1 SINGLE POST ON FLAT PLATE

Calculations were performed for a single post between two flat plates, with

comparisons being made against the experimental wind tunnel data of Baker (Ref. 6).

Flow in which a blunt obstruction is placed in the path of an oncoming boundary layer,

such as a post mounted or a flat plate, is typically referred to as wing/body or junction

flow. A region of adverse pressure gradient exists upstream of the obstruction leading

edge, causing the oncoming boundary layer to undergo a three-dimensional separation.

The separated boundary layer rolls up to form a vortex system upstream of the

obstruction. This vortex system is swept around the base of the obstruction in the

characteristic shape that gives rise to its name: the horseshoe vortex system.

Figure 8 shows an idealization of the limiting streamlines of a horseshoe vortex

system at the base of a cylinder mounted on a flat plate. Particles originating very near

the cylinder surface converge toward the primary separation line, which acts as a

dividing streamline between the separated and mainstream regions. Upstream of the

cylinder along the plane of symmetry the streamlines converge toward the saddle point

of separation (xs), which is the location of the separation of the oncoming boundary

layer.

Through the use of dimensional analysis, Baker concluded that the dependen t

dimensionless parameters governing wing/body type flows would generally be a function

of the Reynolds number and d/8, where 8 is the boundary layer displacement thickness

in the approaching boundary layer.

Figure 9 compares the experimental and computed oil film flow visualizations of

the horseshoe vortex at the cylinder/flat plate junction for Re=1.1"105 and d/8=11.3.

12
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PRIMARY
SEPARATION LINE

Figure 8 Schematic of Oil Film Flow Pattern

w

(a)
EXPERIMENTAL
(REF.6)

(b)

COMPUTED

Figure 9 Oil Flow Lines at the Cylinder�Flat Plate Junction

The agreement is seen to be quite good, in terms of both the size and the shape of the

horseshoe vortex system, as well as the location of the leading edge separation point

(xs).

As

Particle paths on the symmetry plane ahead of the cylinder are shown in Fig. 10.

the particles approach the cylinder surface they divert downward, forming a

13
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Figure 10 Particle Paths on the Symmetry Plane Ahead of Single Post

(Re=l.1- 105, d/8=11.3)

recirculating vortex region. A small counter-rotating vortex is visible in the very

near-waU junction region. This counter-rotating vortex system is more clearly seen in

the velocity vectors of Fig. 11.

In addition to oil film flow visualization, Baker (Ref. 6) also measured the pressure

coefficient (Cp) on the flat plate ahead of the cylinder along the symmetry plane for

various values of Re and d/8.

14

-- LOCKHEED-HUNTSVILLE ENGINEERING CENTER



__ LMSC-HECTR F268618

m

m

m

0.050-

0.045-

0.035

0.030-

0.025-

/ /
/ /

0.015

//
/
//
//

-0.025 -0.020

x]d

-0.045 -0.040 -0.035 -0.030 -0.015 -0.010 -0.005 0.000

Figure 11 Counter-Rotating Inner Vortex at Symmetry Plane for Single Post

(Re=l.l" 105, d/8=11.3)

m

15

-- LOCKHEED-HUNTSVILLE ENGINEERING CENTER



LMSC-HEC TR F268618

m

?

m

w

Figure 12 shows experimental values of pressure on the flat plate ahead of the

cylinder on the plane of symmetry (y--0.0) for a Reynolds number between 5200 and

81000, and d/8 between 7.6 and 9.8. Also shown in Fig. 12 are the computed results for

Re=l.l" 105 and d/8--11.3. The agreement is seen to be generally satisfactory. A steep

adverse pressure gradient is observed in both the experimental and computed results

ahead of the post leading edge. This adverse pressure gradient is largely responsible for

the skewing of the vortex lines in the oncoming boundary layer and the resultant

formation of the horseshoe vortex system.

L

= = •

m

w

n

O.

o

i°1
+, Re = 59700, d/8=9.6 _. EXPERIMENTS

o, Re = 81200, d/8=9.8 J (REF. 6)

- Re = 110000, d/8=11.3 COMPUTED

• _+

_ ° _ +l o x

,0 _ I I- - I I - t - 1 | I | | ! | •

0.0 -1.4
x/d

u Figure 12 Pressure Distribution on Flat Plate
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3.2 MULTIPLE POSTS

Computations were performed for an equally spaced array of posts in the plane

normal to the oncoming flow. As discussed previously, the posts are taken as being

attached at both ends to flat plates. Only one post was considered, with periodic

boundary conditions being applied at the side boundaries (y -- :l:0.5s) in order to

16
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represent an infinite row of posts with center to center spacing of s. The effect of strut

spacing on the flow was investigated by varying the width of the side boundaries. Five

cases were considered, corresponding to s/d = 1.5, 2.0, 2.5, 3.0, and 4.0. The Reynolds

number, based on post diameter, was 1.0"106; d/8 was 35.7.

-- =

w

i

Figure 13 shows the simulated oil film flow visualization of the horseshoe vortex

on the post/flat plate juncture region for the case with a post spacing (s) of 1.5d. For

comparison, the oil flow lines for a single post are also shown in Fig. 13. The leading

edge separation point (xs) occurs approximately 0.40 post diameters ahead of the

cylinder leading edge for both the multiple and single post.

Figure 14 shows the particle paths on the symmetry plane ahead of the post for

s=l.5d. Similar to the results for the single post case, a large vortex region is observed

upstream of the post leading edge, with a smaller counter-rotating vortex system in the

post/flat plate junction region.

Figure 15 shows the particle paths for particles released near the flat plate ahead

of the cylinder for two post spacings corresponding to s/d=l.5 and s/d= 4.0. In both

cases the particles spiral upward slightly behind the post. This spiraling phenomenon

was also observed in the laminar calculations of flow around a single post (Ref. 15), as

well as in the studies of Rogers (Ref. 4) and Williams (Ref. 5) for laminar flow around

multiple posts.

The variation of the mass weighted average total pressure distribution (Pwt) with

streamwise distance for various post spacings is shown in Fig. 16. Ptot is calculated as

f (P + 0.5Utot2)qdA

Ptot =.J (6)

IqdA

where P is the static pressure, Utot the total velocity, q the mass flux, and clA the

incremental area. At the inlet, where the velocity profile and static pressure are held

fixed, the total pressure remains the same for all five cases. The drop in total pressure

across the post varies inversely with post spacing. This relationship is believed due to the

greater amount of separation occurring at the smaller post spacings. Downstream of the

post trailing edge the drop in total pressure is significantly reduced. This trend is

observed in all five cases.

Figure 17 shows profiles of streamwise velocity against distance from the flat plate

at the point x/d=0.5, y/s=0.5, i.e., on the plane equidistant between adjacent posts.

17

LOCKHEED-HUNTSVILLE ENGINEERING CENTER



__ LMSC-HEC TR F268618

z
w

w

7_--,._

Figure 13 Oil Flow Lines for Multiple Posts with s=l.5d (Top), and for Single Post
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Figure 14 Particle Paths on Symmetry Plane Ahead of Strut for s=l.5d
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Figure 15 Particle Paths for s=l.5d (Top) and s=4.5d (Bottom)
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Velocity profiles are presented for the five different post spacings. As the post spacing

decreases, the maximum gap velocity increases sharply.

The vertical variation of the drag coefficient with height for each of the five post

spacings is shown in Fig. 18. The rise in drag coefficient near the flat plate is likely due

to the effect of the horseshoe vortex. A similar peak was observed by Kaul et al. (Ref.

15) for laminar flow around a single post. For z/d greater than approximately 2.0, the

drag coefficient levels off to a nearly constant value which, except for the most closely

spaced post spacings, is generally less than 0.35, the experimental value for a single,

two-dimensional cylinde r at the Reynolds number of one million (Ref. 16). Although

the reason for the low computed drag coefficient is not known for certain, one possible

explanation concerns the fact that the computations assume the boundary layer to be

turbulent everywhere, with no attempt to model the transition that would actually occur

at the post leading edge. Experiments on circular cylinders (Ref. 16) have shown that

the addition of roughness elements on the cylinder surface will move the transition point

upstream, resulting in a lower value of Cd. This trend is consistent with that observed in

the computations, which effectively assume the transition point to be at the post leading

edge.
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Figure 18 Vertical Variation of Drag Coefficient
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4. CONCLUSIONS
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This study has examined the turbulent flow around multiple posts using a simple

mixing length model to achieve closure. Comparison with the experimental data of

Baker (Ref. 6) for a single post on a flat plate revealed a generally good correlation with

the size of the horseshoe vortex and pressure distribution upstream of the post.

For the multiple post calculations only one post was modeled, with periodic

boundary conditions applied at the side boundaries to simulate an infinite row of posts.

The variation of the flowfield parameters with post spacing was investigated by altering

the distance between the side boundaries. The computed results showed significant

interaction between the horseshoe vortex systems of adjacent posts as the spacing

decreased. The total pressure drop across the posts was found to increase sharply with

smaller post spacing, due to the increased amounts of separation. The streamwise

velocity profiles in the gap between the posts were also analyzed, revealing a

progressively less steep velocity gradient near the wall as the post spacing increased.

This relationship is believed due to the presence of the horseshoe vortex system. The

vertical variation of drag coefficient for the multiple posts was also considered. The

computed values of drag coefficient are believed to be generally underpredicted due to

the assumption that transition occurs at the post leading edge.

Future work would include the incorporation of a transition routine in the

turbulence model, the placement of a second row of posts in the streamwise direction,

the effect of the protective plates, and more realistic inflow conditions with an angle of
attack.
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